Rationale: Saponins are natural compounds presenting a high structural diversity whose structural characterization remains extremely challenging. Ideally, saponin structures are best established using nuclear magnetic resonance experiments conducted on isolated molecules. However, saponins are also increasingly characterized using tandem mass spectrometry (MS/MS) coupled with liquid chromatography, even if collision-induced dissociation (CID) experiments are often quite limited in accurately determining the saponin structure.
| INTRODUCTION
Saponins are natural glycosides formally arising from the condensation of a saccharide chain -the glycone -onto a lipophilic triterpene -the aglycone. The polar part is constituted by a linear or ramified oligosaccharide in which the nature and number of the monosaccharide residues can differ. The apolar part is constructed around a sterol or a triterpenoid base. 1, 2 Those biomolecules are present in numerous plants [3] [4] [5] [6] but also in different classes of echinoderms, in particular in sea stars [7] [8] [9] [10] [11] and sea cucumbers. [12] [13] [14] [15] [16] [17] Thanks to their amphiphilic property and to their broad structural diversity, saponin molecules are considered to be important candidates in the pharmaceutical and food industries as well as in agronomy. 5, 9, [18] [19] [20] [21] [22] [23] Nevertheless, as for other natural products, the principal issues to the industrial/medicinal application of saponins remain their challenging purification as well as their in-depth structural characterization. This is particularly true for this family of molecules since extracts are usually made up of complex mixtures of structurally related saponins. A complete saponin characterization also represents a prerequisite to assess their structure/activity relationships. For many years, saponin structures have been established based on a time-consuming procedure combining individual saponin isolation and nuclear magnetic resonance (NMR) measurements. 3, 7, 9, 20, [24] [25] [26] [27] [28] Nowadays, mass spectrometry methods are increasingly involved for their structural identification based on accurate mass measurements (high-resolution mass spectrometry -HRMS) and collision-induced dissociation (CID) experiments. 4, 12, 14, 17, [29] [30] [31] Mass spectrometry data are almost always interpreted based on NMR results and it is important to remind here that MS alone is unable to distinguish stereoisomers. Note also that isomeric saponins even present sometimes similar dissociation patterns upon CID. 8, 29, [32] [33] [34] Recently, the capabilities of Ion Mobility
Mass Spectrometry (IMMS) to define the primary as well as secondary structures of (bio) molecules have been abundantly tested and promising results have already been reported in the literature on proteins, 35 synthetic polymers 36 and small molecules. [37] [38] [39] Moreover, the use of IMMS for the study of secondary metabolites, such as flavonoids, 40, 41 isomeric flavanols, 42 stevioside and rebaudioside glycosides 43 has started to be documented. In a recent publication,
we described a global MS-based methodology for saponin extract analysis that associates matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF), HRMS, liquid chromatography (LC)/MS, CID and IMMS. We took advantage of that paper to report our preliminary results dealing with the structural characterization of saponins by IMMS coupled to computational chemistry. 31 The principal outcome of this initial study was that ion mobility data are not currently sufficient to discriminate different isomers presenting similar structures, which is often the case when considering the extract from a natural source. The ionization of the saponin molecules within the ion source of the mass spectrometer warrants the MS analysis and detection of the saponin ions but induces the folding of the saponin molecule around the cation (Na + ), merging the small structure differences within a global 3D ion structure. 31 Instead of considering the use of ion mobility to distinguish closely related saponins, we suspect that IMMS can be more efficient in differentiating topological isomers of saponins. Saponin congeners can be roughly classified according to the number of polysaccharide chains appended to the aglycone moiety.
Monodesmosidic saponins are characterized by the condensation of a single oligosaccharide onto the aglycone, whereas polydesmosidic structures appear when several oligosaccharide chains are grafted onto the aglycone. Beside these two families, macrocyclic topologies are also known and correspond to molecules with single oligosaccharide chains attached at two sites of the aglycone. These topologies require extensive purification and subsequent NMR experiments to be identified. [44] [45] [46] In the context of our development of MS-based methods for saponin characterization, we here consider Soy seeds were bought from an Asian food store. The dry seeds were powdered with an IKA crusher and preserved away from light.
For the quinoa source, integuments of mature achenes were obtained from pooled samples from the Quinoa Breeding Program from INIA (Instituto Nacional dé Investigación Agraria -Chile). To separate kernels from the outer husk, seeds were subjected to physical shearing to obtain quinoa grains. The remaining husks have a particle size lower than 1 mm in diameter.
The different powders undergo an extraction method adapted from Van Dyck et al. 16 The weighed powder is stirred in methanol for 24 h at room temperature followed by filtration. The extracts are diluted to 70% methanol with milliQ water. These methanolic extracts are partitioned (v/v) successively against n-hexane, dichloromethane and chloroform. Finally, the hydromethanolic solution is evaporated at low pressure in a double boiler at 46°C using a rotary evaporator.
The dry extract is diluted in water to undergo a last partitioning against isobutanol (v/v). The butanolic phase is washed twice with water to remove salts and impurities. The organic solution contains the saponins. However, in the case of the soy sample, an additional solid-phase extraction is required because of the presence of isoflavones after the liquid-liquid extractions. The method consists of using various concentrations of acetonitrile in water on a 500 mg C18 cartridge. After deposition of the sample on the column, isoflavones and the saponins are eluted successively with 20% and 50% of acetonitrile, respectively, to produce a relatively pure mixture of soyasaponins. The purification yield is 4%wt, implying that we can purify 4 mg of soyasaponin mixture from 100 mg of the semi-purified extract.
| Mass spectrometry analyses
Mass spectrometry analyses consist of two steps. Table 1 were determined at the APEX of the CCS distributions. The ion mobility resolutions (R CCS in Figure 1) are calculated by using the following equation: R CCS = CCS/ΔCCS. From the soy extract, nine saponin compositions are detected and are presented in Table 1 The isomer pair detected at m/z 981 (see Table 1 . 48 The CID spectrum of the corresponding ions also indicates the presence of the R-Glc acid-Gal-Rha sequence (with R representing the aglycone).
| Molecular dynamics simulations
The m/z 1225 and 1387 ions detected for the soy extract (Table 1) are sodium-cationized bidesmosidic saponins and the corresponding MS data (HRMS, CID) point to the presence of two known saponins, 48 namely Soyasaponin A5 (two disaccharidic chains) and A4 (di-and trisaccharidic chains), respectively (see Figure S1 , supporting information). The presence of Sapogenol A as the aglycone moiety is observed in both molecules. In bidesmosidic soyasaponins, the oligosaccharidic chains are residues. We previously demonstrated the great diversity of the saponin contents in sea cucumber extracts. 31 By submitting the body wall extract prepared for the present study to our MS-based methodology, we identified 11 saponins (see Table 1 ). The detected molecules are tetra-, penta-and hexasaccharide monodesmosidic saponins. As presented in Table 1 , nine of those eleven molecules have already been described, but two additional molecules have still to be identified. comparing again the 5-and 6-sugar saponins, it is interesting to note that the additional monosaccharide is associated with a more compact gas-phase structure. By analyzing the MD structures in Figure S6 (supporting information) and Figure 3 , we realize that the additional sugar residue is not directly interacting with the protonated site but is lying close to the longest arm of the oligosaccharide chain, creating a compact gas-phase structure. As presented in Figures 1 and 2 
| Collisional cross sections of monodesmosidic saponin ions

| Bidesmosidic topology analysis
The bidesmosidic saponins are extracted from Glycine max (soy) and 
| Monodesmosidic versus bidesmosidic saponins
In Figure 6 , 31 we advantageously used tandem mass spectrometry to sequence the saccharide chain of saponin ions. CID spectra can also be helpful to distinguish isomeric saponins presenting branched and linear saccharide chains. 31 However, branched and bidesmosidic saponin ions are hardly distinguished by CID since it is not straightforward to establish whether the monosaccharide residues are lost from two separated oligosaccharide chains (in bidesmosidic molecules) or from the two extremities of a branched oligosaccharide chain.
| CONCLUSIONS
In this present contribution, we applied ion mobility mass spectrometry together with computational chemistry for the structural characterization of saponins. Based on literature data, we sampled a However, the structural diversity and complexity of the saponins can definitively not be unraveled by a single numerical value, here the CCS. In other words, the structural characterization of unknown saponins will be difficult to achieve based on ion mobility mass spectrometry alone. However, indirect evidences are likely to be produced by a careful comparison with ion mobility data obtained on identified saponin molecules.
Regarding the monodesmosidic and bidesmosidic saponin ions, 
